Using a combination of density functional theory and dynamical mean field theory (DFT+DMFT ), we investigate the effects of electron correlations and local fluctuating moments in paramagnetic FeSe monolayer on SrTiO 3 (STO) substrate in comparison with bulk FeSe. We find that going from the bulk phase to monolayer phases the overall electron correlations on Fe-3d orbitals decrease and the coherent energy scale increases with and without STO substrate. The coherent scales of Fe-3d electrons are strongly orbital selective. In bulk phase dxy is the most kinetically frustrated orbital, but in monolayer phase it gains substantial spectral weight and other Fe-3d orbitals remain strongly correlated. From the bulk phase to the monolayer phase the loss in Hund's rule coupling and the corresponding increment of spectral weight come from increased hybridization due to increased Se-Fe-Se bond angle and shorter pnictogen height. In addition to Hund's J, Hubbard U also plays an important role in FeSe/STO system. We also find oxygen vacancy can dope electrons from STO to FeSe to suppress the hole pocket at the zone center.
In addition to the cuprates, the discovery of superconductivity in Fe-based compounds with superconducting critical temperature (T c ) in the range from 26 to 56 K has created a new class of unconventional superconductors [1] [2] [3] . Recent observations of T c reaching as high as 100K in FeSe monolayer grown on SrTiO 3 (STO) have further boosted interest to search for high T c superconductors in this family [4] [5] [6] [7] [8] [9] [10] . However there is still no predictive theory for superconductivity in these systems and hence they can be called as unconventional superconductors. Photoelectron spectroscopy measurements showed that, unlike other Fe-based superconductors, the Fermi surface of single-layer (one unit-cell) FeSe on STO consists only of electron pockets at the zone corners (Xpoint), without the hole pockets around the zone center (Γ-point) [11] [12] [13] . This leads to a different mechanism of gap opening other than the sign changing s-wave pairing state from spin fluctuation found in Fe-based superconductors in its bulk phase [14] .
The effect of electron correlations on the topology of the Fermi surface and the renormalization of bands varies a lot across the pnictide family. While for some pnictide compounds, electron correlations has a profound effect on the topology of the Fermi surface, some compounds are not that sensitive to it [15, 16] . Fermi surface obtained using density functional theory on FeSe grown on a regular 1×1 STO shows both hole pockets at Γ-point and electron pockets at X-point [17, 18] . Comparing this with the ARPES measurement, electron doping was suggested a possible way to suppress the hole pocket at Γ-point [12, 19, 20] . Recent studies reveals that oxygen vacancies are one of the promising sources of electron doping in FeSe/STO system [19] [20] [21] .
Understanding the strength of electron correlations and the role of Fermi surfaces are fundamental tasks to understand unconventional superconductors [22] [23] [24] . The strong orbital-selective behavior in the bulk Fe-superconductor family, is a signature of its strong electron correlations which can arrive either due to onsite Hubbard-U interaction [10, 25, 26] or due to strong Hund's coupling [15, 27, 28] . FeSe/STO system was suggested to be in close proximity to a Mott-insulating phase where a strong orbital-selective renormalization was found and similar to the cuprates, the correlations strength was found to be controlled by the Hubbard-U interaction [10, 13] . On the other hand, local fluctuating moment due to Hund's coupling was found to have a significant effect on the electron correlations in the bulk phase and for that reason Fe-superconductors are often labeled as Hund's metal [15, [27] [28] [29] .
Using the DFT+DMFT method [30, 31] we study four phases of FeSe and STO : (I) FeSe bulk, (II) free standing FeSe monolayer, (III) FeSe on SrTiO 3 substrate without oxygen vacancy (FeSe/STO) and (IV) FeSe on SrTiO 3 substrate with 50% oxygen vacancy (FeSe/STO-Ovac).
Here we attempt to unlock the origin of electron correlation effect in FeSe/STO systems and try to address the following questions: 1) How does the electron correlations change from the bulk phase to the monolayer phase ? 2) What is the origin of electron correlations? Hubbard-U or Hund's coupling-J or both? 3) Can electron correlations change the topology of the Fermi surface in the systems ? 4) What is the role of oxygen vacancy in STO beyond electron doping to FeSe? 5) What are the effects of the fluctuating local moments?
The structures and the atom positions for the monolayer phase are obtained from DFT calculations. More details of our methods and structural information are described in S.I [32] . of 111.9
• [33] . The pcnitide height and/or bond angle between X-Fe-X (X=pnictide) plays an important role in determining the strength of the correlations [34, 35] and T c [36] across various compounds. Going from bulk FeSe to monolayer, the bond angle increases from 104
• to 115
• where the correlations are found to be decreased in the Iron-pnictide family [15] . From bulk to monolayer phase the Fe-Se bond length is decreased by 3.4%. Importantly the Fe-Se height or pnictogen height is decreased by 16.0% [32] .
After DFT optimization of the structures, we use the DFT+DMFT method to investigate the correlated electronic structure. In Fermi liquid theory, the inverse quasiparticle life time equals to the scattering rate Γ=−ZImΣ(i0 + ), where Z=(1 − ∂ImΣ(iω)/∂ω)| ω→0 + is the spectral weight and ImΣ(i0 + ) is the imaginary part of self-energy at zero frequency. At low temperature when ImΣ(i0 + ) → 0, system is in the coherent phase with infinite quasiparticle lifetime. When temperature is above the coherent energy scale, ImΣ(i0 + ) and consequently the quasiparticle lifetime are both finite. Our DFT+DMFT calculations show the coherent scales of Fe3d electrons are strongly orbital selective and also tuned by the structure of FeSe/STO systems. In Fig. 1 (a-e) the imaginary part of quasiparticle self-energy ImΣ(iω n ) of Fe-3d electrons at temperature 300 K are extrapolated to i0 + . Every ImΣ(i0 + ) of bulk FeSe (black dots and lines) is finite ( Fig. 1(a-e) [32] ) for four different temperatures. At 120 K, all ImΣ(i0 + ) locate at zero points proving FeSe/STO-Ovac is in the coherent states. As temperatures increase from 120 K to 1000 K, ImΣ(i0 + ) tremendously move away from zero to finite values, which signatures a temperature driven coherence-incoherence crossover in FeSe/STO-Ovac. At 120 K and 300 K, the splines of self-energy of FeSe/STO-Ovac almost overlap implying the coherent scales (or coherent temperatures) of FeSe/STO-Ovac are barely below 300 K.
The structural tuned coherent scales are directly related to the electron correlations. To examine degree of electron correlations in more detail, we compute orbital dependent spectral weight Z (inverse of massenhancement m * /m band ) after analytic continuation of the self-energy by MaxEnt [37] . Z is unity in a noncorrelated system, and goes to zero in the strongly correlated limit. We compute Z for all the Fe-3d orbitals of four different structures. First, bulk FeSe is the most correlated, then the correlations are suppressed in FeSe monolayer; FeSe/STO is the most weakly correlated, and in FeSe/STO-Ovac the correlation effect is almost the same as in FeSe monolayer (Fig 1(f) ). Interestingly, the Se-Fe-Se angle follows the same trend as Z (Fig. 1f) . Hybridization among the Fe-3d orbitals and other orbitals is enhanced from the bulk to the monolayer phase [ Fig.2 in the SI [32] ]. Hence it shows that the quenched correlations in the monolayer phase is directly related to the increase in the hybridization that comes due to shorter Fe-Se height/bond length and increased Se-Fe-Se angle in the monolayer phase. Suppressed electron correlations could enhance the superconducting temperature, as may be seen in the heavy fermion systems and in 122 iron pnictides with pressure [16, 38, 39] . We found that the structural tuning effect in Z is strongly orbital dependent. In FeSe bulk d xy is the most correlated orbital, but in FeSe monolayer, FeSe/STO, and FeSe/STO-Ovac it becomes the most weakly correlated one. The d xy orbital spectral weight in FeSe bulk is about 0.5 of that in FeSe/STO, and about 0.56 that of FeSe monolayer and FeSe/STO-Ovac. Now, we describe the electron correlation effect on the spectral function in Fig. 2(a-h) . On the top panel of Fig.  2 (a-d) we show DFT+DMFT computed spectral function on same color scale together with the band structures computed within DFT (blue lines). A significant change in the sharpness of the DFT+DMFT spectral function is noticed while going from the bulk phase to the monolayer phase of FeSe. This directly shows that going from bulk to monolayer phases, the DMFT spectral function becomes more coherent -indicating the suppression of correlations in the monolayer phase. We find significant changes in the topology of the Fermi surface in the monolayer phase, similarly predicted by DFT calculations. Especially the hole pocket at Γ point shrinks and almost vanished when O-vacancy is introduced while electron pockets are found to get bigger. This leads to electron doping mechanism similarly found in DFT calculations [19] [20] [21] .
To identify the orbital dependent nature of electron correlation effect, we compute DFT+DMFT orbitaldependent spectral functions for four systems and plot them together on the bottom panel in Fig 2(e-h) , where d z 2 and d x 2 −y 2 are in blue, d xz and d yz are in green, d xy is red. Orbital character for electron and hole pockets are found to change when going from bulk to the monolayer phase. In the bulk, the electron pockets at M are mainly due to d xy (red), d xz+yz orbitals (green). In the monolayer phase (FeSe-monolayer, FeSe/STO, FeSe/STOOvac), the electron pockets are made of d x 2 −y 2 (blue) and d xz+yz orbitals (green). The contribution from d xy orbital on the Fermi surface is found to decrease a lot in the monolayer phase of FeSe when compared to the bulk phase. Especially, for the hole pockets the contribution for d xy orbital decreases in the monolayer phase of FeSe (Fig. 3 in the SI [32] ). The color change from reddish to blueish indicates this trend in Fig 2(e-h) . Overall, going from bulk phase to the monolayer phase, the topology of the hole pockets significantly changes while electron pockets get bigger in DFT+DMFT. With the introduction of O-vacancy in STO, the DMFT spectral function becomes more correlated for d xz and d yz orbitals.
Since the Fermi surface of FeSe/STO-Ovac is close to the ARPES, we examine the oxygen vacant STO/FeSe system in more detail. In order to study the effect of Hubbard U and Hund's J, we have calculated the spectral weight at four different temperatures and three sets of U, J at T=300K. They are described in Table I . First we discuss the effect of Hubbard-U. At 300 K, changing U from 5 eV to 2 eV but keeping J=0.8 eV, we find all orbitals become less correlated. Suppression of correlations with decreased U is dominated in the xz, yz, and xy orbitals. Corresponding changes in the spectral function are not visible since they are already in the coherence limit. Topology of the Fermi surface or the spectral function for oxygen vacant STO also does not change with changing U at fixed J and temperature ( Fig. 3 in SI) . Next we discuss the effect of Hund's J. Changing J=0.8 eV to J=0.5 eV but keeping U=5.0 eV at 300 K, we again notice that the correlations are suppressed, especially for the xz, yz, and xy orbitals. For U=5.0 eV and J=0.8 eV, the temperature dependence is interesting. Except the d xz orbital, the spectral weight is found to increase till 300 K and then very slowly decreases with T ( Fig.  5 in SI [32] ). This directly shows that a coherence to incoherence cross over happens below 300 K. In DMFT the correlated impurity states can be projected onto series of atomic basis, e.g. for iron atom with 5 correlated 3d orbitals the corresponding atomic basis spans a size 4 5 =1024 Hilbert space. Each atomic basis is indexed by quantum number including occupancy number N ∈ {0, 1, ...10} and total spin S z of all electrons. Hund's rule coupling requires electron spins on different orbitals to align in the same direction to maximize the total spin, so the strength of Hund's J is related to the distribution of probability histogram. The normalized probability histogram for bulk and FeSe/STOOvac are compared in Fig. 3 . In a histogram the first and last few states of an interval of particular N are the high spin states, whereas the middle of that interval are the low spin states. Without Hund's coupling the high spin and the low spin states would be equally probable.
In the large Hund's coupling direction the probability of high spin states will be significant. In Fig. 3a , the high-spin states become less probable in FeSe/STO-Ovac system (red line) relative to FeSe bulk (black line) since their spikes at the beginning and the end of interval N shrink, and the low spin states in the middle of the intervals must gain weight. This indicates an overall loss of the Hund's rule coupling energy in the FeSe/STO-Ovac phase and explains the low-energy behavior of the selfenergy and the increased spectral weight in Fig. 1 (a-f) ). Surprisingly the enhanced bonding between Se-Ti due to O-vacancy in STO, has no effect in the probability distribution when we compare with undoped STO (Fig. 6 in SI [32] ). We find it is mainly due to the increased bond angle between Se-Fe-Se when compared to the bulk phase. The probability histogram of FeSe/STO-Ovac becomes more evenly distributed when Hund's J is reduced from 0.8 to 0.5 eV (Fig. 3b) and interestingly a similar effect is found when U is reduced from 5.0 to 2.0 eV (Fig.  3c) . Results from the histograms are consistent with corresponding spectral weight results in Table I indicating both Hund's J and Hubbard U play important role in electronic properties of FeSe/STO-Ovac.
While some studies claim superconductivity in FeSe/STO can be mediated by electron-phonon coupling [40] [41] [42] , the strength of electron-phonon coupling in conventional DFT is found to be too low to explain the super high T c in FeSe/STO [41, 43] . Electron correlations can enhance the electron-phonon coupling in FeSe [40, 44] . Our results establish that FeSe/STO display universal orbital-selective electron correlations. Unlike in the bulk where d xy orbital was found to be most kinetically frustrated, we found the d xy gains spectral weight whereas d yz and d xz orbitals remain strongly correlated. Instead of orbital selective Mott transition found in the slave boson model [10] , orbital selective coherence to incoherence transition [27-29, 45, 46] could happen with different Fed orbitals having different crossover temperatures. The quenched correlations in the monolayer phase is directly related to the increased hybridization due to short Fe-Se distance in the monolayer phase. The bond length, FeSe distance or pnictogen height and Se-Fe-Se angle -all show a similar pattern as the spectral weight for different phases of FeSe. The loss in Hund's rule coupling due to increased hybridization in the monolayer phase is found to be responsible for the increased spectral weight. In addition to Hund's rule, we find Hubbard-U also plays an important rule in the electron correlations in FeSe/STOOvac. Structural details and Methods. To investigate the effect of the interface on the electronic structure of FeSe, we construct FeSe slab with and without STO substrate. While we include STO, we consider pure undopped STO as well as STO with oxygen vacancy. The in-plane lattice parameter of STO is fixed to the experimental value of 3.905 A. In addition, a pristine isolated FeSe monolayer chopped from the FeSe/STO optimized structure is constructed to study free standing FeSe monolayer. This way the in-plane lattice remains constant to the STO since an epitaxial growth was found in the experiment [4, 21] .
The structures and the atom positions are obtained from DFT calculations performed within the generalized gradient approximation of Perdew-Burke-Ernzerhof [47] for exchange and correlation using the plane wave pseudopotential approach as implemented in QUANTUM ESPRESSO with ultrasoft pseudopotentials [48] . The plane wave kinetic energy cutoff is set to 30 Ry with a corresponding charge density cutoff of 300 Ry. The Brillouin zone is sampled by a uniform 6×6×1 mesh of k points per 1×1 interfacial unit cell. Structural optimizations of the structures considered in this work are performed until all force components are less than 1.4 meV/ atom in magnitude. The experimental lattice parameter for STO of a = 3.905Å is used in the computations. Similar structures were used in a separate study to investigate the role of double layer TiO 2 in STO towards electron doping in FeSe [21] . For the bulk FeSe we use the experimental lattice constant and atom (Se) positions. The important structural parameters for all the systems are described in the Table I . There are two kinds of Se-Fe-Se angles. In Table I we show the one that the Se-Fe-Se plane is parallel to the z-axis.
The Se-Ti distance and the Se-Fe-Se angle are found to be 3.11Å and 115.1
• for FeSe/STO structure. Se-Ti distance decreases to 2.82Å when 50% O-vacancy is introduced on STO. The enhancement in bonding is found to increase from 0.073 to 0.60 eV per Ti-Se site. However the Se-Fe-Se angle remains almost unchanged with the introduction of the O-vacancy. Computed bond angle in FeSe/STO is close to the experimental bond angle of 111.9
• [33] . A similar enhancement in bonding with smaller Se-Ti distance is also found in a recent study [19] .
Once the structures are obtained from DFT, we apply DFT in combination with dynamical mean field theory (DFT+DMFT) [30, 31] to capture the local moments physics in paramagnetic FeSe since this method can successfully describe fluctuating local moments and electron correlation [49, 50] . In the DFT+DMFT method, the self-energy, sampling all Feynman diagrams local to the Fe ion, is added to the DFT Kohn-Sham Hamiltonian [30, 31] . This implementation is fully self-consistent and all-electron [15, 31] . The computations are converged with respect to charge density, impurity level, chemical potential, self-energy, lattice and impurity Green's functions. The lattice is represented using the full potential linear augmented plane wave method, implemented in the Wien2k [51] package in its generalized gradient approximation (PBE-GGA). The continuous time quantum Monte Carlo method is used to solve the quantum impurity problem and to obtain the local self-energy due to the correlated Fe 3d orbitals. The self-energy is analytically continued from the imaginary to real axis using an auxiliary Green's function. The Coulomb interaction U and Hund's coupling J are fixed at 5.0 eV and 0.8 eV, respectively [52] . To study the effect of U and J, U=2 eV and J=0.5 eV are also used. A fine k-point mesh of 10 × 10 × 10 and total 80 million Monte Carlo steps for each iteration are used for the paramagnetic phase of the FeSe/STO at T=300K and T=120K.
Results. In Fi.g 1 we show temperature dependent imaginary part of self-energy ImΣ(iω n ) of 3d-electrons in FeSe/STO-Ovac for (a) Fig. 2 . These functions show that from the bulk phase to the monolayer phase the hybridization of Fe-3d electrons with other electrons in crystal is generally enhanced with/without self-energy corrections due to electron correlations. In Fig. 3 we present orbitally resolved band structures for FeSe/STO obtained with conventional DFT as implemented all-electron Wien2K (left) and DFT+DMFT methods(right). Our computed DFT+DMFT spectral function for FeSe/STO-Ovac with different U, J and T are shown in Fig. 4 . For same system, corresponding temperature dependence spectral weight (Z) for different 3d orbitals are shown in Fig. 5 . Finally in Fig. 6 we show computed probability histogram of atomic states in FeSe/STO (red line) and compared with that in FeSe/STO-Ovac (black line) at 300K. ; identical probability histogram shows no effect of increased Se-Ti binding energy with oxygen vacancy in FeSe/STO and indicates that the correlation from Hund's coupling depends on Se-Fe-Se bond angle which is same for both systems.
